Abstract In a reductionistic approach to biology, the two
showing that the epithelium is also sufficient. It is clear that ''sufficiency'' is a more difficult term than ''necessity'': the epithelium alone cannot smell, because it is but a step in the sequence of events that lead to an olfactory percept. And, indeed, experiments have shown that lesions to large parts of the epithelium do not lead to massive olfactory impairment [2] , showing that a subportion of the epithelium is also sufficient. Thus, the whole epithelium appears to be redundant (though most likely necessary for the full sensitivity of the system). It should be noted that the term redundancy is used in different ways in different disciplines, e.g., neuroscience and mathematics. In summary, for the initial part of olfactory processing, the epithelium is necessary and (at least part of it) sufficient : as a consequence, we know the ''where'' and the ''who. '' When we look at the next steps of olfactory processing, the picture increases in complexity (It might be noted that the picture would also increase in complexity if we were to look at the epithelium with higher spatial resolution). For the olfactory time warp to happen, we need not just the amygdala (emotion) and the associative cortex (memory), but several other structures more. But still, attributing particular tasks to dedicated brain areas is common, and an increasingly important branch of (human) neuroimaging research. Implicitly, the inherent logic of this approach is one of ''necessity'' and ''sufficiency'' for a particular task attributed to a particular area, resulting in the knowledge of ''where'' (e.g., the particular area) and ''who'' for the given task.
However, ''necessity'' and ''sufficiency'' need to be considered with more caution when emergent network properties are concerned. The most formidable emergent property of the brain is consciousness, a topic that is difficult to address in a manipulative way in animal models. Therefore, here we ask whether other brain network properties also escape a simple ''necessity''/''sufficiency'' logic. Indeed, the olfactory system offers a good example. Already at the level of the first neuronal relay station, the olfactory bulb, olfactory coding is combinatorial in nature, and the information present in any single neuron cannot be sufficient to decode any given odor. How, then, do we need to answer questions about ''where'' and ''who'' with respect to the encoding of a particular odor information? In the following, we use the insect olfactory system as an amenable opportunity to address this question. We structure the paper in the following way: (1) present the insects as neurobiological model systems, (2) review the olfactory system (the antennal lobe, corresponding to the vertebrate olfactory bulb) of the honeybee, (3) explain the combinatorial nature of olfactory coding, and (4) present the spatial organization of the underlying neural networks. We close with (5) a summary about how ''where'' and ''who'' need to be interpreted in complex networks of neurons, such as those forming the brain.
The Insect Brain as a Model
In the brain, olfactory information is processed in the olfactory bulb of vertebrates or in the antennal lobe of insects. The anatomical structure of the olfactory bulb and the antennal lobe is astonishingly similar [3, 4] . Both contain spherical processing units-the glomeruli-that respond to odor stimuli. Each glomerulus is densely innervated by axons of olfactory receptor neurons and processes of interneurons and output neurons. Both mammals and insects have multiple areas for further olfactory processing downstream the antennal lobe and the olfactory bulb, respectively (Fig. 1) .
However, the antennal lobe of insect is much smaller than the olfactory bulb. As a comparison, the olfactory bulb of the rat consists of 2,000 glomeruli while the antennal lobe of the honeybee has about 160 glomeruli [5] [6] [7] . In insects, the number and the anatomical position of glomeruli are relatively constant across individuals. It is therefore possible to build an atlas describing all glomeruli within a species. This effort has already been done in several insect species (e.g., honeybee: [5] [6] [7] , fruit fly: [8] [9] [10] , several moth species: [11] [12] [13] [14] , mosquito: [15] ). Moreover glomeruli can be functionally identified since each odor activates a particular set of glomeruli. Spatial patterns of glomerular activities are reproducible from individual to individual, and this permitted the construction of physiological atlases using optical imaging and large set of stimuli (e.g., [16, 17] ).
An important characteristic of the insect model is the possibility to perform behavioral and physiological experiments in the same individual (this is more challenging in vertebrates). Learning experiments allow to directly compare behavioral performance with physiological changes [18, 19] . An example is the pioneering study of Hammer [20] in the honeybee. He showed how a single neuron can control the behavior of the animal by recording from a single cell intracellularly with a micropipette. The cell activity was artificially controlled by current injections to trigger a behavioral response. Using this approach, he identified a neuron called ventral unpaired median neuron of the maxillary neuromere 1 (VUMmx1) that mediates the unconditioned stimulus response in associative learning. In associative learning experiments, an odor (conditioned stimulus, CS) is associated with a sugar water reward (unconditioned stimulus, US). After a few trials where both stimuli are presented simultaneously honeybees learn the association between the reward (US) and the odor (CS). Therefore, later presentation of the odor alone leads to proboscis extension (behavioral response). Hammer [20] showed that the US (sugar water) can be substituted by depolarizing (i.e., activating the neuron by current injection through the micropipette) the VUMmx1 neuron. This demonstrates that this particular neuron is sufficient for a particular behavior. He also showed that hyperpolarizing the neuron (to silence it) during the US reduced, but did not abolish, learning. This shows that there must be at least one more neuron that encodes the US in the bee, and thus, VUMmx1 alone is not necessary. (To a vertebrate scholar, this can open the beauty of insect systems, where tasks that are covered by entire areas of the mammalian brain are solved by very few, identifiable neurons in insects). These results not only identified who is controlling which behavior but also revealed the anatomical structure of that neuron (thus addressing the ''where'' this neuron controls that behavior). This was achieved by filling the VUMmx1 neuron with a dye after the physiological recording. Detailed anatomical reconstruction showed that VUMmx1 projects to many different locations in the bee brain and particularly in the antennal lobe and the mushroom bodies. Subsequent immuno-labeling of the bee brain reported that VUMmx1 uses octopamine as neurotransmitter [21] . VUMmx1 also points to the significance of redundancy: if two (or more) neurons all encode the US in a classical conditioning paradigm, and any one of them is sufficient, but none necessary, the question arises whether this duplication is redundant (maybe in the sense of a backup system) or degenerate (as in the case of the genetic code, where multiple triplets for the same amino acid add stability).
Cell Types and Anatomical Structure of the Antennal Lobe
The antennal lobe of the honeybee is a 2-D spherical sheet of densely packed glomeruli wrapped around a pear-like 3-D structure. It is about 300-lm wide and has about 160 glomeruli [5, 7, 22] . The Drosophila fruit fly has about 50 [9, 10] glomeruli packed in a dense 3-D scaffold. A glomerulus is a compact neuropil composed of the axons and dendrites of the different cells present in the antennal lobe. In insects, cell bodies cluster at the periphery of the antennal lobe, and therefore outside of the glomeruli. Three main cell types form synaptic connections in the antennal lobe ( Fig. 1) . Firstly, the axons of the receptor neurons target the glomeruli. In the main glomeruli, they form synapses in the periphery (cap) of the glomerulus. Secondly, local interneurons (LNs), with axons and dendrites confined to the antennal lobe, interconnect glomeruli. Several functional (inhibitory and excitatory) and anatomical interneuron types are present. Interneurons shape the antennal lobe response via lateral connections between glomeruli. Finally, the projections neurons (PNs), which send their axon to the lateral horn and the mushroom bodies (higher brain areas), represent the output of the antennal lobe. In addition, anatomical studies revealed several feedback neurons [23] [24] [25] [26] 
although their function is
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Odor molecules bind to receptor proteins on dendrites of olfactory receptor neurons in the antenna. Each receptor neuron expresses a particular receptor protein and all receptor neurons expressing the same receptor protein project to the same glomerulus [27] . As a consequence, a glomerulus responds to odors that activate its corresponding receptor type in the antenna or in the olfactory epithelium. This is a fundamental principle of the olfactory system that is conserved from insects to mammals [27] .
Local interneurons have their dendrites and axons in the antennal lobe only. Two anatomical types of LNs are present in the antennal lobe: homogeneous LNs and heterogeneous LNs [6, 28, 29] (see Fig. 1c ). Homogeneous LNs project equally and sparsely to several glomeruli while heterogeneous LNs innervate densely one glomerulus and others more sparsely. LNs are key players for odor processing in the antennal lobe since they interconnect glomeruli and many of them are inhibitory [30] . The neurite arborization of the LNs suggests that different local interneuron types innervate different parts of the glomerulus in the honeybee [28] . This has implications for the processing of information in the glomerulus. For example, the axon terminals of olfactory receptor neurons are confined to the cap of the glomerulus and hence do not directly activate neurons that only innervate the center (core) of the glomerulus. This is reminiscent of the organization of the vertebrate olfactory bulb where different LNs (e.g., periglomerular cells and granule cells) are located in different layers of the bulb [1] . Detailed structural and functional analysis is needed to reveal the sub-glomerular organization of the antennal lobe (see ref. [31] ). Antibodies against specific neurotransmitters showed that LNs contain classical neurotransmitters (e.g., gamma-amino butyric acid or histamine) as well as neuropeptides (e.g., tachykanine or allatostatin-A). Some LNs have up to three neurotransmitters/neuropeptides suggesting that they use several chemical signals to communicate with other neurons (Kreissl, Charlina, Bierfeld and Galizia, unpublished).
Once signals have been processed by the local circuit within and between glomeruli, the olfactory information is sent to higher brain areas via several tracts made of the axons of the PNs (see [32] for a review). Higher brain areas include the mushroom bodies and the lateral horn (Fig. 1a,  b) . In total, the antennal lobe of the honeybee has about 800 PNs. Similarly to LNs, PNs have different morphologies. Uniglomerular PNs innervate mostly one glomerulus very densely while multiglomerular PNs sparsely innervate many glomeruli [28] . Interestingly, uniglomerular and multiglomerular PNs tend to use different tracts to project to higher brain areas. The functional role of these different pathways remains largely unknown and is the topic of current research (see [32] for review).
Functional Structure of the Antennal Lobe: The Combinatorial Code
Glomeruli are often considered as processing units because they represent physical entities. Furthermore, glial cells send processes between glomeruli, suggesting that they form a structural insulation across glomeruli (though the precise role of these glial cells remains to be elucidated). In addition, different odors activate different glomeruli. The latter phenomenon is particularly striking in fluorescence imaging where glomeruli ''light up'' when they are active. Two odors each activate a different set of glomeruli. There is no evidence for a large scale spatial organization in the glomeruli responding to an odor. This results in activity pattern with active glomeruli randomly distributed across the antennal lobe. The number and the identity of active glomeruli in each representation and the overlap between the representations depend on the odors (see e.g., refs. [17, 33] ). The dynamics of background activity also suggests that glomeruli are functional units. Indeed, when no odor is present, glomeruli are alternatively and, most importantly, individually activated and inhibited in a continuous stream of background activity [34, 35] .
The spatial representation of odor is consistent between animals so that physiological atlases can be constructed [16, 17] . Up to now, only glomeruli located at the surface of the antennal lobe could be mapped using calcium imaging. In the honeybee, this represents about 30 glomeruli. The honeybee atlas shows how identified glomeruli respond to odors. For example, 1-nonanol always activates glomeruli T1-17 and T1-33 while 1-hexanol mostly activates glomeruli T1-28 and T1-38 (remember that in insects glomeruli can be named since reliably recognized from animal to animal). Some odors such as 2-heptanone activates almost all visible glomeruli, with varying intensity. Assuming that glomeruli invisible to optical imaging techniques also behave as just described in response to odors, the honeybee antennal lobe, with an arsenal of 160 glomeruli, can represent a countless number of odors. This computational principle is called the combinatorial odor coding. In female honeybees, contrarily to male bees and moths and many other insect species, there are no enlarged glomeruli dedicated specifically to sexual pheromone processing (called macroglomeruli) although some glomeruli (e.g., T1-33, T1-17, T1-42) are consistently larger than others. However, these glomeruli respond to floral odors and to pheromones and, therefore, cannot be regarded as macroglomeruli. The identity of pheromones and of any odor is most likely determined solely by the combination of active glomeruli rather than by a specific glomerulus with narrow tuning response. Combinatorial coding as realized across glomeruli also expands the number of odors that can be coded. As an example for this, take another combinatorial sensory code: color. Here, with three types of receptors that differ in their spectral sensitivity, our eyes can code for millions of colors, because the brain does not analyze each receptor individually, but rather the relative activity of the three receptor types. In addition to expanding the sensory range from three (the number of receptor types) to millions, the system gains concentration invariance over wide ranges of light intensity and background illumination (also called color constancy).
Which glomeruli are active is largely determined by the activity in the olfactory receptor neurons. Several pieces of evidence support this claim. First, anatomically, all olfactory receptor neurons of the same type project to the same glomerulus. This means that thousands of synapses inside a single glomerulus are ''ready to go'' upon activation of a particular olfactory receptor type. Second, the number of responding glomeruli depends on the concentration of the odor [36] . This means that receptor types with low affinity to an odor are activated only when the number of odor molecules is high. As a consequence, silent glomeruli at low concentration can become active at higher concentration. Third, pharmacological inactivation of a single glomerulus during an odor presentation marginally modifies the spatial representation of odors (Girardin and Galizia, unpublished). Finally, in Drosophila, glomeruli with no direct input show little or no response to odors [37] .
Despite this dominance from the input, recent experiments have shown that inhibitory interactions strongly influence the spatial activity pattern in the antennal lobe [38] [39] [40] and [Girardin and Galizia (unpublished) ]. When input and output are compared, the spatial activity patterns are very similar for the strongly responding glomeruli [38] . However, weakly responding glomeruli at the input level are suppressed by the antennal lobe network so that they do no respond anymore at the output level (projection neurons). Some glomeruli are even inhibited. As a consequence, the correlation between the spatial representation of odors decreases from input to output. This can be interpreted as contrast enhancement performed by the antennal lobe network. A recent computational model of the antennal lobe asked whether the structure of the lateral inhibitory network can be inferred by comparing the input and output responses [41] . The authors first calculated an index to quantify the response similarity to odors among 20 pairs of glomeruli. The similarity index is based on the responses to 60 odors and therefore represents a good estimate of each glomerulus tuning response. Then, they tested three models of lateral inhibition, with one of them using the similarity index to tune lateral inhibition between glomeruli (functional model, see below). The organization of inhibitory connections was either stochastic, i.e., between randomly chosen glomeruli, morphological, with stronger inhibition between immediate neighbors (centersurround), or functional, with inhibition stronger between glomeruli responding similarly to odors (large similarity index). Finally, they examined which model applied to the input experimental data best fits the output experimental data. Results show that the functional model performed slightly better than both the stochastic and the morphological connectivity patterns. This supports a mechanism of lateral inhibition in which active glomeruli inhibit each other. Next, we will discuss how the lateral interactions between glomeruli can be directly examined using local manipulations with pharmacological agents.
Manipulating the Brain Circuit Using Iontophoretic Injections of Neurotransmitters
Microinjections of pharmacologically active substances has been successfully applied in several systems and organisms. Neurotransmitters such as gamma-amino butyric acid (GABA), glutamate, or acetylcholine (ACh) can be directly injected on their site of action using a micropipette. Ion channel blockers can also be injected. Due to the small size of the micropipettes (typically 5 lm), the damage to the tissue is very limited. The use of multi-barreled pipettes (2 to 7 barrels are commercially available) allows to inject several drugs at the same location. As compared to pressure injections, iontophoretic injections do not produce movement artifacts (deleterious to optical signal recorded in calcium imaging). In addition, only charged ions are expelled from the pipette by the current and not the pipette solution as it is the case with pressure injections. However, iontophoresis requires that the molecule of interest is charged and some careful control to ensure that the injection current does not directly activate the cells [42] (modern iontophoresis machines have a balance module that injects an opposite current via another channel to avoid this problem). Moreover, control solutions without the active substances (placebo) can be injected to verify that they have no effect.
A direct method to learn the function of a brain area is to artificially activate or suppress it and observe the changes in behavior or physiology. Many researchers used this approach even in organisms as small as insects. For example, in honeybees, different brain areas involved in learning and memory have been identified using local injections of drugs or cooling inactivation [43] [44] [45] . Despite these results, the fine scale mapping of connections within and between brain areas has proved challenging in insects.
To fully understand a system, it is necessary to examine the physiological response of the underlying brain structures and how their influence each other.
Optical imaging takes advantage of measuring the activity of thousand of neurons at the same time and at different locations. Combining this recording method with focal injections of neurotransmitters with a pipette permits to observe the effect of the manipulation at the injection site and in all other locations in the field of view of the camera. Recently, we used this approach to study the lateral connectivity in the antennal lobe of the honeybee (Girardin and Galizia, unpublished). We injected either inhibitory or excitatory neurotransmitters to manipulate the network. In insects, the most prominent inhibitory transmitter is gamma-amino butyric acid (GABA), while the main excitatory transmitter is acetylcholine (ACh). For example, a small injection of ACh activates a single glomerulus and thus mimics an odor stimulus with selectivity to one antennal receptor type. This is illustrated in Fig. 2 in a calcium imaging experiment. In this experiment, we specifically stained the projection neurons (i.e., the output of the antennal lobe) with a fluorescent calcium sensor (Fura-2 dextran, Fig. 2a ). This dye changes its fluorescence according to the intracellular calcium concentration. Since a change in calcium concentration reflects neuronal activity, we can record the responses of these neurons over time using a digital camera (calcium imaging). The false colored picture depicts the response to a single acetylcholine injection (Fig. 2b, see figure legend for details). Figure 2c shows the time course of the response to acetylcholine injection at two different currents in the injected glomerulus and in a cell body located at the periphery of the antennal lobe.
It is also useful to apply ACh along with puffs of odor to study how the network modulates sensory activations. Conversely, a small injection of GABA will suppress a glomerulus during an odor presentation. This can shed light on the role of a single glomerulus during an odor presentation. Such experiments directly address the problem of how networks are connected and what is the function of a particular brain location in sensory processing. In many cases, a brain area will modulate the response in another area. These effects are often difficult to detect because they are small. For example, in honeybees, anatomical studies revealed putative feedback neurons from higher brain areas (mushroom bodies) to the antennal lobe [24, 26] . However, virtually no physiological study has addressed the question about the role of these feedback connections in insects. Recently, the effect of feedback connections from the mushroom bodies to the antennal lobe has been reported in the fruit fly Drosophila [46] , but its role remains mysterious. The latter study is remarkable because it opens an entire new field of research on the role of the modulation of lower brain areas by higher brain areas, and this in relatively simple organisms-the insects. Further studies are necessary to address the question of how feedback influences the response to natural stimuli (Hu and colleagues used pharmacology in an isolated brain preparation). The honeybee represents an appropriate model for more natural stimulation protocols. As shown here, using the iontophoresis or pressure injections as described above, it is possible to (in)activate the mushroom bodies while recording optically the response to an odor in the antennal lobe. In vertebrates, feedback connections seem to specifically target the inhibitory network of the olfactory bulb [47] . Given the large number of LNs in the honeybee antennal lobe, it is likely that feedback from the mushroom bodies or the lateral horn modulates the antennal lobe responses via its own inhibitory network. In this work, we used iontophoretic application of neurotransmitter to mimic either excitatory or inhibitory synaptic transmitter release, while recording the network effect of this perturbation using calcium imaging. Recent developments of optophysiological techniques increase the number of tools available to manipulate network activity in the quest of understanding how these networks perform. For example, combining the genetic expression of channelrhodopsin-2 with a spatially structured light source allows for localized depolarization of the respective neurons [48] . Similarly, at the optical imaging side of the experiment, calcium imaging can now be replaced with measuring other ions, or synaptic release, or membrane potential [49, 50] . This leads to a more fine-grained analysis of the network, revealing fundamental properties of the combinatorial nature of it.
Where and Who in Combinatorial Networks
In this work, we have reviewed a basic property of olfactory coding: combinatorial codes in a spatially heterogeneous network, the insect antennal lobe. No glomerulus alone is sufficient to represent a particular odor, and not only those glomeruli that are active are necessary but those that are inactive are necessary too! The latter statement derives from the observation that adding active glomeruli to a response pattern changes the overall pattern, and thus the odor percept. Furthermore, network analysis done by interfering with single glomeruli shows that each glomerulus is linked with several other glomeruli, which are distributed in a patchy manner across the antennal lobe (Girardin and Galizia, unpublished). Thus, every active glomerulus involves a whole network of additional glomeruli influenced by its activity. As a consequence, removing a single glomerulus would most likely not change too much of an odor percept (apart from the rare labeled-line systems that are not discussed here). Indeed, a similar experiment was done in Drosophila: removing a single olfactory receptor (dOr22a) in a transgene, which corresponds to removing input to its innervated glomerulus, did not lead to any behavioral impairment for most odors [51] . Most strikingly, all very good ligands for this receptor that were tested were not affected, while the behavioral response to a substance that is a minor ligand (1-heptanol) was affected. What does this mean for the quest of understanding consciousness? Assuming that such complex, emerging properties are also distributed across several brain areas, and that any brain state consists of the concomitant activity and nonactivity of particular groups of neurons, it means that any statement that pinpoints a ''where'' to consciousness is likely to be fallacious. The concept of ''necessity'' and ''sufficiency'' eludes the redundant and combinatorial nature of complex brain processing. For this reason, addressing issues about neural networks in brain function requires approaches that allow to collect data over time and space, and in an ideal experiment, this would be done simultaneously. The quickly evolving technological tools (e.g., two-photon microscopy, optogenetics) will help to achieve this goal at a spatial resolution corresponding to a single neuron and a temporal resolution of 10-100 msec. Note that traditional methods are also primordial for our understanding and will not be entirely supplanted by the novel techniques (think of what insight Cajal achieved about network connectivity with just a light microscope and a pen). Together, these approaches-in combination with appropriate modeling theory-will allow us to supplant the ''where'' and ''who'' question and rather address the ''how'' question: how does consciousness emerge from the brains networks complexity?
